Effect of N-acetylcysteine and deferoxamine on endogenous antioxidant defense system gene expression in a rat hepatocyte model of cocaine cytotoxicity  by Zaragoza, Asunción et al.
E¡ect of N-acetylcysteine and deferoxamine on endogenous antioxidant
defense system gene expression in a rat hepatocyte model of cocaine
cytotoxicity
Asuncio¤n Zaragoza a, Carmen D|¤ez-Ferna¤ndez a, Alberto M. Alvarez b, David Andre¤s a,
Mar|¤a Cascales a;*
a Instituto de Bioqu|¤mica (CSIC-UCM), Facultad de Farmacia, Universidad Complutense, Plaza de Ramo¤n y Cajal sn, 28040 Madrid, Spain
b Centro de Citometr|¤a de Flujo, Facultad de Farmacia, Universidad Complutense, 28040 Madrid, Spain
Received 24 September 1999; received in revised form 21 February 2000; accepted 29 February 2000
Abstract
In the present study we investigated on cultures of hepatocytes from phenobarbital-pretreated rats, the effect of the
antioxidants, 0.5 mM N-acetylcysteine (NAC) or 1.5 mM deferoxamine (DFO), previously incubated for 24 h and
coincubated with cocaine (0^1000 WM) for another 24 h. Cocaine cytotoxicity was monitored by either the lysis of the cell
membranes or apoptosis. Lysis of the cell membranes was evidenced by lactate dehydrogenase leakage, apoptosis was
observed by detecting a hypodiploid peak (6 2C) in DNA histograms obtained by flow cytometry, peroxide production was
quantified with 2P,7P-dichlorodihydrofluorescein diacetate and gene expression of the antioxidant enzymes: Mn- and Cu,Zn-
superoxide dismutases, catalase and glutathione peroxidase were measured by Northern blot analysis. NAC and DFO
significantly decreased the extent of lysis of cell membranes and apoptosis, and the antiapoptotic effect was parallel to
peroxide generation. By the effect of NAC and DFO, significant increases were detected in the levels of mRNA of catalase,
manganese superoxide dismutase and glutathione peroxidase. From these results we conclude that NAC or DFO, when
incubated in the presence of cocaine, exerted a protective effect against cocaine toxicity at the level of both lysis of the
membranes and apoptosis. This protective effect, in the case of NAC, was directed towards an increase in antioxidant enzyme
expression, and in the case of DFO against reactive oxygen species generation. ß 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction
Cocaine oxidative metabolism generates both reac-
tive oxygen species (ROS) and free radicals derived
from cocaine itself [1^3]. Cocaine hepatotoxicity is
mediated by a series of sequential oxidations cata-
lyzed by cytochrome P450 and £avin monooxyge-
nases [4,5], and it is well known that phenobarbital
(PB) induces P-450 microsomal monooxygenases, re-
sponsible for cocaine oxidative metabolism [6,7]. The
N-demethylation to norcocaine is the ¢rst step in the
bioactivation of cocaine. The toxicity of the drug is
the result of further oxidative metabolism, either
through redox cycling between N-hydroxynorcocaine
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and norcocaine nitroxide leading to NADPH deple-
tion as well as the generation of superoxide radical
(O32 ) and hydrogen peroxide (H2O2) [8], or through
the production of a still to be identi¢ed reactive me-
tabolite, derived from cocaine nitroxide and norco-
caine nitrosonium [4,5,9,10]. Pathological studies
have implicated oxidative damage in the mechanisms
of cocaine-induced liver injury [11,12] and have also
shown that mitochondrial alterations are involved in
these processes [13]. Recent data of our group [14]
have shown that oxygen radicals contribute directly
or indirectly to cocaine-induced apoptosis in cultured
hepatocytes.
Cells are protected from the damaging e¡ects of
O32 , by conversion to H2O2 via superoxide dismu-
tases (SODs), and H2O2 can be rapidly converted to
water via glutathione peroxidase (GPX) and/or cata-
lase [15,16]. The imbalance of these enzyme systems
results in an excess of ROS generation which leads to
depletion of reduced glutathione (GSH), lipoperoxi-
dation, altered enzyme activity, DNA damage, etc.,
which promote cell death by apoptosis or necrosis
[17^19]. Although many factors can be involved in
apoptosis, this form of cell death is known to be
triggered by the intracellular generation of ROS as
subproducts derived from the metabolism of toxic
agents [20,21]. Cu,Zn-SOD and Mn-SOD, catalase,
and GPX, as members of the endogenous antioxi-
dant defense system, protect cells from inducers of
apoptosis, suggesting a role for ROS in regulating
this mode of cell death [17,22,23].
It is well known that exogenous antioxidants can
play an important role against oxidant injury in-
duced by an excess of ROS generation. The hepato-
protective action of N-acetylcysteine (NAC), a thiol-
containing compound that acts as a nucleophile and
a precursor of reduced glutathione, is well de¢ned
[24,25]; and the e¡ect of deferoxamine (DFO), an
iron-chelating agent and consequently an agent that
prevents ROS generation by inhibiting the Fenton
reaction, has also been well studied [26].
Previous studies in our laboratory showed that
apoptosis occurs in mouse liver following the in
vivo administration of cocaine to mice pretreated
or not with PB [7], and recent results [14] have shown
that, in hepatocyte cultures, cocaine-induced cell
death by necrosis was dependent on cocaine concen-
tration, while cell death by apoptosis was parallel to
peroxide concentration. We have also detected that
the downregulation of the gene expression of antioxi-
dant enzyme systems could be one of the mechanisms
involved in cocaine toxicity. These considerations
prompted us to investigate the way in which the
exogenous antioxidants NAC and DFO a¡ect (1)
the increased production of ROS, (2) the alterations
of the endogenous antioxidant defense systems, and
(3) the alteration of the mode of cell death. More-
over, as the systems involved in antioxidant cell de-
fense protect cells from oxidative stress, the e¡ect of
these antioxidants has been studied on the changes
induced by cocaine in the gene expression of the
enzymes involved in the elimination of ROS.
2. Materials and methods
2.1. Reagents
Tissue culture media were from Biowhittaker.
Standard analytical grade laboratory reagents were
obtained from Merck. Collagenase was from Boehr-
inger. [K-32P]dCTP (3000 Ci/mmol) and the multi-
primer DNA labeling system kit were purchased
from Amersham. Agarose was from Hispanagar.
2P7P-Dichlorodihydro£uorescein-diacetate (DCFH-
DA) was obtained from Molecular Probes and pro-
pidium iodide (PI) from Sigma Chemical. HCl co-
caine (99.5% purity, checked by HPLC) was ob-
tained from the Drug Restriction Service, Ministry
of Health in Spain.
2.2. Animals
Two month old male Wistar rats with an average
body weight of 180^230 g were used for the cell
preparations. All animals received care as outlined
in the Guide for the Care and Use of Laboratory
Animals prepared by the National Academy of
Sciences and published by the National Institute of
Health. Rats were supplied with food and water ad
libitum and exposed to a 12 h light^dark cycle. Since
pretreatment of rats with PB is required for toxicity
to be enhanced [7], the animals were injected intra-
peritoneally with sodium phenobarbital at a dose of
80 mg/kg/day, for 2 days previous to the isolation of
hepatocytes.
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2.3. Isolation and culture of hepatocytes
Hepatocytes were isolated by perfusion of the liver
with collagenase as described elsewhere [27]. In order
to eliminate non-parenchymal cells, centrifugation in
triplicate gave us a preparation of 100% hepatocytes
which could be checked by observing the cells by
phase contrast microscopy. Cell viability, determined
by trypan blue exclusion, was always greater than
90%. 1.5U106 freshly isolated hepatocytes were
seeded into 60U15 mm culture dishes (Becton-Dick-
inson) in 3 ml Dulbecco’s modi¢ed Eagle’s medium
(DMEM), supplemented with 100 IU/ml penicillin,
50 Wg/ml streptomycin, 50 Wg/ml gentamicin and
10% fetal calf serum. After 3 h incubation at 37‡C
in a humidi¢ed 5% CO2^95% air atmosphere, the
medium was replaced with fresh medium supple-
mented with 0.1% bovine serum albumin (BSA).
Hepatocytes were then preincubated for 24 h in the
presence or absence of the respective antioxidant.
2.4. Exposure to cocaine and antioxidants
Following a 24 h preculture period, hepatocytes
were incubated in the presence of cocaine alone or
cocaine plus antioxidant NAC or DFO. Cocaine HCl
was dissolved in fresh medium and precultured hep-
atocytes were exposed to the drug at a dose range of
0^1000 WM for 24 h. NAC and DFO were dissolved
in fresh medium and added to precultured hepato-
cytes at doses of 0.5 mM and 1.5 mM, respectively.
2.5. Analytical procedures
Cytotoxicity was measured using lactate dehydro-
genase (LDH) [28] leakage from damaged hepato-
cytes according to Vasault [29], and was expressed
as a percentage of total cellular activity. Intracellular
GSH was assayed spectrophotometrically as de-
scribed [30] and expressed as nmol GSH/mg protein.
Total protein content was determined according to
Bradford using BSA as standard protein [31]. Perox-
ide production was monitored by £ow cytometry us-
ing the stable non-polar dye DCFH-DA, which read-
ily di¡uses into the cells [32] where the acetate groups
are cleaved by intracellular esterases to yield dichlo-
rodihydro£uorescein (DCFH), which is oxidized by
H2O2 or low molecular weight peroxides, releasing
the highly £uorescent compound 2P,7P-dichloro£uo-
rescein (DCF). Following the incubation, either with
cocaine alone or with cocaine plus the antioxidant
agent (NAC or DFO), hepatocytes from culture
dishes were washed with phosphate bu¡er saline
(PBS), detached with trypsin/EDTA, and incubated
with agitation for 30 min in 2 ml of PBS containing
5 WM DCFH-DA at 37‡C. The cells were washed
twice with PBS to remove the extracellular DCFH-
DA, followed by analysis on a FACScan £ow cytom-
eter (Becton-Dickinson) (excitation: 488 nm; emis-
sion: 525 nm). Because identi¢cation of non-viable
cells is essential for obtaining accurate data, PI
(10 Wg/ml) was added to each tube 10 min before
£ow cytometry analysis to ensure that only living
cells were analyzed. PI treatment di¡erentiates viable
and non-viable cells since non-viable ones permit the
entrance of this dye into the cells. For DCFH anal-
ysis, only PI-negative (viable) cells were acquired.
Hepatocyte auto£uorescence was detected by run-
ning unstained cells, and only hepatocytes with £uo-
rescence higher than basal were quanti¢ed as perox-
ide-generating cells (MM1M peak). Apoptosis was
quanti¢ed by measurement of the hypodiploid peaks
(6 2C) in DNA multiploid histograms obtained by
£ow cytometry [33,34]. For the analysis of DNA
content, cells were stained with PI, and the emitted
£uorescence of the DNA^PI complex was analyzed
in a FACScan £ow cytometer (Becton-Dickinson) in
the FL2-A channel. A double discriminator module
was used to distinguish between signals coming from
a single nucleus and products of nuclear aggregation.
Data analysis was carried out by means of evaluation
of single inputs (104 nuclei/assay). The extraction and
analysis of RNA was performed as follows. Total
RNA (3U106 cells) was extracted following the gua-
nidinium thiocyanate method [35] as described
[36,37]. After electrophoresis in a 0.9% agarose gel
containing 2% formaldehyde, the RNA was trans-
ferred to GeneScreen membranes (New England
Nuclear Research Products). The relative levels of
various mRNA transcripts were determined using
catalase, Mn-SOD, Cu,Zn-SOD and GPX cDNA
probes [38], labeled with [K-32P]dCTP using a multi-
primer DNA labeling system kit (Amersham). Quan-
ti¢cation of the ¢lms was performed by a laser den-
sitometer (Molecular Dynamics) using the
hybridization with an 18S ribosomal RNA probe as
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an internal standard. The variability in the measure-
ment of fold increase in mRNA, after quanti¢cation
by scanning densitometry from the ¢lters, was not
greater than 15%.
2.6. Statistics
All results are expressed as the means þ S.D. of
four observations (four animals) in duplicate. Statis-
tical di¡erences between the two groups were ana-
lyzed by Student’s t-test. P6 0.05 was considered
signi¢cant.
3. Results
Isolated hepatocytes from PB-pretreated rats were
preincubated for 24 h either in the presence or ab-
sence of 0.5 mM NAC or 1.5 mM DFO, and ex-
posed for another 24 h to increasing concentrations
of cocaine from 0 to 1000 WM together with 0.5 mM
NAC or 1.5 mM DFO. The concentration of NAC
and DFO was calculated by selecting the highest
dose of each antioxidant compound that protects
cells without increasing the toxicity. As an index of
cell toxicity and membrane lysis LDH leakage was
measured [28]. Fig. 1 shows the e¡ect of either NAC
or DFO on the percentages of LDH released in he-
patocyte cultures incubated with increasing concen-
trations of cocaine. In the experimental conditions of
the present study, the cytotoxic e¡ect of cocaine was
dose-dependent and was signi¢cantly di¡erent
(P6 0.05) versus no cocaine, at concentrations of
100, 500 and 1000 WM. The e¡ect of 0.5 mM NAC
signi¢cantly decreased the release of LDH at 500 and
1000 WM cocaine to 61 and 52%. In the case of DFO
the protective e¡ect was also signi¢cant, 64 and 62%,
respectively, at the same cocaine concentrations.
Because the cytotoxic activity of cocaine in the
liver has been ascribed to ROS production
[5,9,10,12], we investigated the e¡ect of these two
antioxidant agents, NAC or DFO, on intracellular
generation of peroxides induced by cocaine in hepa-
tocytes using the DCFH-DA probe. Fig. 2 shows the
intracellular concentration of peroxides in cocaine-
treated (0^1000 WM) hepatocyte cultures in the pres-
ence or absence of 0.5 mM NAC or 1.5 mM DFO.
Peroxides were measured by £ow cytometry of the
£uorescence emitted due to DCFH oxidation. Fig.
2A shows the histograms in which £uorescence of
DCF, detected with the FL1-H channel, is plotted
against the number of cells. MM1M de¢nes the peak
of peroxides (intense £uorescence). Fig. 2B shows the
quanti¢cation in arbitrary units of the MM1M peak of
Fig. 2A. These results show that cocaine by itself
increased endogenous levels of peroxides at doses
of 50 WM, while exposure to higher concentrations
(100, 500 and 1000 WM) resulted in a decrease in the
DCF intensity. These results indicate that the gener-
ation of ROS is an immediate response to exposure
to cocaine and therefore occurs very early in cocaine-
treated hepatocytes. NAC or DFO, when incubated
simultaneously with cocaine, signi¢cantly decreased
the extent of peroxide generation induced by this
drug. Especially remarkable was the sharp decline
in peroxides in control conditions (no cocaine) by
the e¡ect of DFO, in which case a decrease to 38%
(P6 0.05) of the corresponding control was detected.
Fig. 1. E¡ect of NAC and DFO on cytotoxicity of cocaine in
cultured hepatocytes derived from PB-induced rats. Hepatocytes
preincubated for 24 h with 0.5 mM NAC or 1.5 mM DFO
were exposed to increasing concentrations of cocaine (0^1000
WM) for another 24 h together with 0.5 mM NAC or 1.5 mM
DFO. LDH leakage was measured as a cytotoxicity parameter
and membrane lysis index. Results are expressed as the percent-
age of total cell LDH as described [28]. Data are expressed as
mean þ S.D. of four independent experiments from four rats.
Student’s t-test was performed for statistical evaluations be-
tween values: ‘a’ refers to statistical changes against the respec-
tive control, ‘b’ refers to statistical changes in the presence of
antioxidants against the absence of antioxidants. P6 0.05 was
considered the level of signi¢cance.
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Fig. 2. Intracellular generation of peroxides in cultures of hepatocytes derived from PB-induced rats. Hepatocytes preincubated for 24
h with 0.5 mM NAC or 1.5 mM DFO were exposed to increasing concentrations of cocaine (0^1000 WM) for another 24 h together
with 0.5 mM NAC or 1.5 mM DFO. Following these incubations, hepatocytes were detached with trypsin and incubated with 5 WM
DCFH-DA in 2 ml PBS for 30 min at 37‡C. PI was added to eliminate non-viable cells. The samples were placed on ice and peroxide
production was determined by measuring the DCF £uorescence with FL1-H channel, against the number of cells, by £ow cytometry.
(A) Representative histogram of the four independent experiments. (B) Results, expressed as arbitrary units, are the means þ S.D. of
experimental observations from four rats. Student’s t-test was performed for statistical evaluations between values: ‘a’ refers to statisti-
cal changes against the respective control; ‘b’ refers to statistical changes in the presence of antioxidants against the absence of anti-
oxidants. P6 0.05 was considered the level of signi¢cance.
BBAMCR 14624 4-4-00
A. Zaragoza et al. / Biochimica et Biophysica Acta 1496 (2000) 183^195 187
Incubation of hepatocytes with cocaine in the con-
ditions of the present study depressed GSH concen-
tration as can be observed in Fig. 3. At the highest
concentration of cocaine (1000 WM) GSH concentra-
tion decreased to 45% (P6 0.01) of the control.
NAC, when cocultured with cocaine, prevented the
decline of GSH in such a way that the di¡erences
were signi¢cant in the range of 100^1000 WM cocaine
with values of 151% (P6 0.05), 188% (P6 0.05) and
252% (P6 0.05), respectively. The action of DFO on
the intracellular concentration of GSH was less pro-
nounced and a signi¢cant di¡erence against cocaine
alone was detected only at 1000 WM cocaine with
152% (P6 0.01).
Figs. 4^7 show the gene expression of enzymes
involved in the antioxidant cell defense, such as
Mn-SOD and Cu,Zn-SOD, catalase and GPX. These
enzymes act coordinately removing the ROS gener-
ated inside the cell. We used Northern blot hybrid-
ization to measure the relative levels of the mRNA
transcripts for the genes encoding SODs, catalase
and GPX as a means of studying the e¡ect of in-
creased concentrations of cocaine on their gene ex-
pression and on the protective e¡ect of antioxidant
agents added simultaneously with cocaine at ¢nal
concentrations of 0.5 mM for NAC and 1.5 mM
for DFO. Northern blots prepared with RNA ex-
tracted from cocaine-treated hepatocytes from PB-
Fig. 3. E¡ect of NAC and DFO on intracellular concentration
of GSH. Hepatocytes from PB-induced rats preincubated for
24 h with 0.5 mM NAC or 1.5 mM DFO were exposed to in-
creasing concentrations of cocaine (0^1000 WM) for another 24 h
together with 0.5 mM NAC or 1.5 mM DFO. Following this
incubation, hepatocytes were sonicated and GSH content was
measured as described [30]. Results are expressed as nmol/mg
of protein and the means þ S.D. of four observations from four
rats. Student’s t-test was performed for statistical evaluations
between values: ‘a’ refers to statistical changes against the re-
spective control ; ‘b’ refers to statistical changes due to the pres-
ence of antioxidants against the absence of antioxidants.
P6 0.05 was considered the level of signi¢cance.
Fig. 4. E¡ect of NAC and DFO on the Northern blot analysis
of Mn-SOD, in hepatocyte cultures derived from PB-induced
rats. Hepatocytes preincubated for 24 h with 0.5 mM NAC or
1.5 mM DFO were exposed to increasing concentrations of co-
caine (0^1000 WM) for another 24 h together with 0.5 mM
NAC or 1.5 mM DFO. RNA was isolated and analyzed by
Northern blotting using radiolabeled Mn-SOD cDNA. (A) Rep-
resentative Northern blot with 18S rRNA probe for RNA nor-
malization. (B) Quanti¢cation after correction with 18S rRNA
obtained by laser densitometry. Lanes 1, 2, 3 and 4 refer to 0,
100, 500 and 1000 WM, respectively. The values are the
means þ S.D. of four di¡erent observations from four rats. Stu-
dent’s t-test was performed for statistical evaluations between
values: ‘a’ refers to statistical changes against the respective
control; ‘b’ refers to statistical changes due to the presence of
antioxidants against the absence of antioxidants. P6 0.05 was
considered the level of signi¢cance.
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pretreated rats, preincubated for 24 h in the presence
of NAC or DFO, and incubated for another 24 h in
the presence of 0^1000 WM cocaine and either NAC
or DFO, were probed with cDNA sequences of cat-
alase, Mn-SOD and Cu,Zn-SOD and GPX [38]. In
the corresponding ¢gures are shown the representa-
tive autoradiographs (A) and their corresponding
quanti¢cations by scanning densitometry (B).
The enzyme activities of these antioxidant systems
were simultaneously assayed and parallel pro¢les
were obtained in both parameters, gene expression/
enzyme activity, which indicated that gene transcrip-
tion changes induced by cocaine metabolism does
not a¡ect the chain of events at transductional and
post-transductional levels.
Fig. 4A,B shows the concentration of the Mn-
SOD mRNA in hepatocyte cultures incubated with
cocaine (0^1000 WM) in the absence or presence of
NAC or DFO as described above. By cocaine itself
the gene expression of this mitochondrial enzyme
decreased progressively and signi¢cantly as the con-
centration increased. Thus, if we consider 100% the
basal (control) with no cocaine, the values were 54%
(P6 0.05), 42% (P6 0.05 and 39% (P6 0.05) for
100, 500 and 1000 WM cocaine, respectively. The
protective e¡ect of the antioxidant tested was as fol-
lows: in the case of NAC, a clear signi¢cant increase
in all cocaine concentrations and in the control (no
cocaine), versus cocaine alone, with values of 151%
(P6 0.05), 173% (P6 0.05), 200% (P6 0.05) and
183% (P6 0.05) for 0, 100, 500 and 1000 WM co-
caine, respectively. However, in the case of DFO
no signi¢cant changes were detected in any of the
conditions tested. Fig. 4A shows total Mn-SOD
mRNA and Fig. 4B shows the quanti¢cation of
this mRNA by densitometer scanning expressed in
arbitrary units.
Fig. 5A,B shows the cytosolic Cu,Zn-SOD isozyme
gene expression evaluated by the determination of
the Cu,Zn-SOD mRNA. According to the results
obtained, the expression of this SOD isozyme did
not change signi¢cantly by the e¡ect of cocaine, since
at the highest cocaine concentration the decrease to
90% of the control value was not signi¢cant. With
respect to the e¡ect of antioxidants, NAC increased
the basal activity to 223% (P6 0.05), while no ap-
parent e¡ect was detected at any of the concentra-
tions of cocaine assayed (100, 500 and 1000 WM).
However, the e¡ect of DFO was positive and in-
creased the Cu,Zn-SOD mRNA levels to 121%,
141%, 197% (P6 0.01) and 127%, for 0, 100, 500,
1000 WM cocaine, respectively. Fig. 5A shows total
Cu,Zn SOD mRNA, and Fig. 5B shows the quanti-
¢cation of this mRNA by densitometer scanning ex-
pressed in arbitrary units.
Fig. 6A,B shows the e¡ect of cocaine in the range
Fig. 5. E¡ect of NAC and DFO on the Northern blot analysis
of Cu,Zn-SOD, in hepatocyte cultures derived from PB-induced
rats. Hepatocytes preincubated for 24 h with 0.5 mM NAC or
1.5 mM DFO were exposed to increasing concentrations of co-
caine (0^1000 WM) for 24 h together with 0.5 mM NAC or 1.5
mM DFO. RNA was isolated and analyzed by Northern blot-
ting using radiolabeled Cu,Zn-SOD cDNA. (A) Representative
Northern blot with 18S rRNA probe for RNA normalization.
(B) Quanti¢cation after correction with 18S rRNA obtained by
laser densitometry. Lanes 1, 2, 3 and 4 refer to 0, 100, 500 and
1000 WM, respectively. The values are the means þ S.D. of four
di¡erent observations from four rats. Student’s t-test was per-
formed for statistical evaluations between values: ‘a’ refers to
statistical changes against the respective control; ‘b’ refers to
statistical changes due to the presence of antioxidants against
the absence of antioxidants. P6 0.05 was considered the level
of signi¢cance.
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0^1000 WM incubated by itself or in the presence of
the antioxidant agents NAC or DFO, on the gene
expression of catalase, the enzyme system that re-
moves H2O2 inside the cell. In the experimental con-
ditions of the present study, the concentration of the
mRNA catalase, calculated by arbitrary units as ex-
pressed in Fig. 6B, decreased sharply and signi¢-
cantly by the e¡ect of cocaine. The decreased values,
expressed as percentages against control conditions
(no cocaine), were as follows: 46% (P6 0.05), 31%
(P6 0.01), and 19% (P6 0.01) for 100, 500 and 1000
WM cocaine, respectively. However, when NAC was
added to the cultures, signi¢cant increases were de-
tected in all ranges from 0 to 1000 WM cocaine.
These results reached values between three and
more than ¢ve times the control (no additions) con-
ditions (354%, P6 0.01; 365%, P6 0.05; 359%,
Fig. 7. E¡ect of NAC and DFO on the Northern blot analysis
of GPX, in hepatocyte cultures derived from PB-induced rats.
Hepatocytes preincubated for 24 h with 0.5 mM NAC or 1.5
mM DFO were exposed to increasing concentrations of cocaine
(0^1000 WM) for 24 h together with 0.5 mM NAC or 1.5 mM
DFO. RNA was isolated and analyzed by Northern blotting us-
ing radiolabeled GPX cDNA. (A) Representative Northern blot
with 18S rRNA probe for RNA normalization. (B) Quanti¢ca-
tion after correction with 18S rRNA obtained by laser densi-
tometry. Lanes 1, 2, 3 and 4 refer to 0, 100, 500 and 1000 WM,
respectively. The values are the means þ S.D. of four di¡erent
observations from four rats. Student’s t-test was performed for
statistical evaluations between values: ‘a’ refers to statistical
changes against the respective control; ‘b’ refers to statistical
changes due to the presence of antioxidants against the absence
of antioxidants. P6 0.05 was considered the level of signi¢-
cance.
Fig. 6. E¡ect of NAC and DFO on the Northern blot analysis
of catalase, in hepatocyte cultures derived from PB-induced
rats. Hepatocytes preincubated for 24 h with 0.5 mM NAC or
1.5 mM DFO were exposed to increasing concentrations of co-
caine (0^1000 WM) for 24 h together with 0.5 mM NAC or 1.5
mM DFO. RNA was isolated and analyzed by Northern blot-
ting using radiolabeled catalase cDNA. (A) Representative
Northern blot with 18S rRNA probe for RNA normalization.
(B) Quanti¢cation after correction with 18S rRNA obtained by
laser densitometry. Lanes 1, 2, 3 and 4 refer to 0, 100, 500 and
1000 WM, respectively. The values are the means þ S.D. of four
di¡erent observations from four rats. Student’s t-test was per-
formed for statistical evaluations between values: ‘a’ refers to
statistical changes against the respective control; ‘b’ refers to
statistical changes due to the presence of antioxidants against
the absence of antioxidants. P6 0.05 was considered the level
of signi¢cance.
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Fig. 8. E¡ect of NAC and DFO on the hypodiploid peaks, in cultured hepatocytes derived from PB-induced rats. Hepatocytes prein-
cubated for 24 h with 0.5 mM NAC or 1.5 mM DFO were exposed to increasing concentrations of cocaine (0^1000 WM) for 24 h to-
gether with 0.5 mM NAC or 1.5 mM DFO, and stained with the DNA-intercalating dye PI [34]. Fluorescence was detected with the
FL2-A channel and plotted against the number of cells. MM1M de¢nes the percentage of hypodiploid cells (6 2C) as an index of apop-
tosis. (A) Representative histograms of four independent experiments. (B) Quanti¢cation of the hypodiploid 6 2C peaks; results are
expressed as a percentage of total hepatocyte population and the means þ S.D. of experimental observations from four rats. Student’s
t-test was performed for statistical evaluations between values: ‘a’ refers to statistical changes against the respective control; ‘b’ refers
to statistical changes due to the presence of antioxidants against the absence of antioxidants. P6 0.05 was considered the level of sig-
ni¢cance.
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P6 0.05) and 553%, P6 0.05; for 0, 100, 500, 1000
WM cocaine, respectively). The protective antioxidant
e¡ect of DFO on the gene expression of catalase was
less pronounced when compared to the e¡ect of
NAC. The enhancement induced by DFO was sig-
ni¢cant (189%, P6 0.05) in the basal (no cocaine)
conditions, and also at 1000 WM cocaine (238%,
P6 0.01) indicating that in conditions of the maxi-
mum stress, where the lower values of catalase were
detected, the expression of this enzyme was sharply
enhanced by this antioxidant iron-chelating agent.
Fig. 6A shows total catalase mRNA and Fig. 6B
shows the quanti¢cation of this mRNA by densitom-
eter scanning expressed in arbitrary units.
Fig. 7A,B shows the e¡ect of cocaine alone or
supplemented with NAC or DFO on the gene expres-
sion of GPX evaluated by the concentration of the
GPX mRNA and expressed as arbitrary units, as
shown in Fig. 7B. GPX expression decreased pro-
gressively as the cocaine concentration increased.
The GPX mRNA decline was signi¢cant at 100,
500 and 1000 WM cocaine with percentage values
against basal (no cocaine) of 69%, P6 0.05; 59%,
P6 0.05; and 37%, P6 0.05; respectively. On the
basis of these results, the addition of NAC counter-
acted the cocaine e¡ect by inducing the expression of
this enzyme, which requires for its activity the pres-
ence of GSH, whose level is maintained through
NAC as its precursor. In the range of 0^1000 WM
cocaine, all values increased and were signi¢cant at
500 and 1000 WM cocaine with 164% (P6 0.05) and
194% (P6 0.05). In the absence of NAC, at these
cocaine concentrations, glutathione was depleted to
less than half, a depletion that was prevented by
NAC (Fig. 3). The addition of DFO to the culture
medium incubated with cocaine did not markedly
a¡ect the levels of GPX mRNA, except that at
1000 WM cocaine, a signi¢cant increase was detected
(163%, P6 0.05). Fig. 7A shows total GPX mRNA
and Fig. 7B shows the quanti¢cation of this mRNA
by densitometer scanning expressed in arbitrary
units.
Apoptosis is associated with lower DNA £uores-
cence in £ow cytometric analysis, which is considered
to be a useful tool for its quantitative detection [7].
Multiploid DNA histograms and the percentages of
apoptotic cells (hypodiploid DNA content) deter-
mined by £ow cytometry are shown in Fig. 8A,B.
Fig. 8A shows a representative DNA histogram in
which the £uorescence of PI-stained DNA was de-
tected with FL2-A channel and plotted against the
relative number of cells. MM1M de¢nes the percentage
of hypodiploid cells 6 2C as an apoptotic index.
Quantitative analysis of these cells, in Fig. 8BB,
showed the percentage of hepatocyte population
that underwent apoptosis. At 24 h incubation the
following results, expressed as percentages against
control (no cocaine), were obtained in cultures incu-
bated with cocaine: 188% (P6 0.05), 143%
(P6 0.05) and 124%, for 100, 500 and 1000 WM co-
caine, respectively. These results indicate that in our
hepatocyte cultures, apoptosis increased signi¢cantly
when the cultures were incubated in the presence of
cocaine at doses of 100 WM (25 þ 2.0 versus
13.2 þ 1.5, P6 0.05), diminishing at higher doses.
The addition to the culture medium of NAC clearly
diminished the percentage of the hypodiploid popu-
lation, and these changes were signi¢cant when com-
pared to cocaine alone at a concentration of 100 WM.
The DFO e¡ect was even more pronounced against
apoptosis induced by cocaine, and this antioxidant
iron-chelating agent signi¢cantly decreased the hypo-
diploid peak near to half in control (no cocaine) and
in all cocaine concentrations assayed with the follow-
ing results: 58% (P6 0.05), 48% (P6 0.05), 45%
(P6 0.05), and 57% (P6 0.05), for 0, 100, 500 and
1000 WM cocaine, respectively.
4. Discussion
In a recent in vitro study from our group, a rela-
tionship was proposed between the expression of
antioxidant cell defense enzymes and the generation
of ROS through the oxidative metabolism of cocaine
[14]. Although previous studies have shown that oxi-
dative damage plays a role in the cytotoxicity of
cocaine [10^12], and evidence has already shown
the extent of ROS production in hepatocytes by the
e¡ect of this drug [14], there is as yet no quantitative
evidence of the protective e¡ect of antioxidant agents
on the alterations in the gene expression of antioxi-
dant enzyme systems in which Mn- and Cu,Zn-SOD,
catalase and GPX are involved.
On the basis of these considerations, we investi-
gated the e¡ect of the antioxidant agents NAC and
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DFO on hepatocyte cultures coincubated with co-
caine on the gene expression of endogenous antioxi-
dant systems involved in removing or scavenging
both reactive oxygen species and free radicals gener-
ated in the oxidative metabolism of cocaine. The
hepatoprotective action of NAC, as GSH precursor,
is widely demonstrated [24,25], as well the antioxi-
dant e¡ect of DFO as an iron-chelating agent [26].
ROS have been reported to be intermediates in signal
transduction pathways during apoptosis, acting as
second messengers that can promote transcription
factor activity and regulate the expression of various
of genes [22].
When rat hepatocyte cultures were incubated with
low concentrations of cocaine, we found increases in
DCF £uorescence, indicating overproduction of per-
oxides [14]. The antioxidants NAC or DFO, when
coadministered with cocaine, markedly decreased
the concentration of peroxides inside the cell. These
data clearly show that NAC, as a precursor of GSH
by providing cysteine, signi¢cantly decreased the lev-
els of peroxides at all cocaine concentrations. In the
case of DFO, an iron-chelating agent, the decrease in
the intracellular peroxides was even higher when
compared with NAC. These results led us to suggest
that in the process of peroxide generation induced by
cocaine, depletion of GSH and the Fenton reaction
catalyzed by iron are both involved. In the case of
NAC an enhanced synthesis of GSH could be re-
sponsible for the peroxide decrease. Regarding
DFO, inhibition of ROS generation could be the
way in which this agent protects from cocaine tox-
icity.
In the present and previous reports [14], our re-
sults demonstrate that cocaine leads to cell death in
rat hepatocyte cultures by inducing both lysis of the
cell membrane and apoptosis. The two modes of cell
death can occur simultaneously in the liver by the
e¡ect of hepatotoxic substances [19,39,40]. The re-
sults obtained in the present study, together with
those in a previous report [7], strongly suggest that
apoptosis plays an important role in the toxicity of
cocaine in hepatocytes and that the extent of apop-
tosis is parallel to the peroxide production. Further-
more, our results are consistent with other observa-
tions that the exposure of cells to a low level of
oxidants mainly induces cell death by apoptosis
rather than by necrosis [20].
An oxidative stress situation occurs when the pro-
duction of active oxidants overwhelms antioxidant
defense mechanisms [15,41]. As this situation a¡ects
cell integrity, the coordination between SOD and
catalase/GPX is of crucial importance in the elimina-
tion of O32 and H2O2 to prevent the formation of
the highly reactive hydroxyl radical (OH). Previ-
ously, we proposed that oxidative stress induced by
cocaine may occur because of the downregulation of
antioxidant defense genes, due to the progressive de-
cline in the transcript level for catalase and Mn-
SOD, as the drug concentration increased [14].
Our present study has been directed towards inves-
tigating the actions of the antioxidants NAC or
DFO, coadministered with cocaine, on gene expres-
sion of the hepatic antioxidant enzymes mentioned
above. Doses of cocaine of 500 and 1000 WM were
associated with sharp decreases in catalase, Mn-SOD
and GPX mRNAs. The lack of apparent changes in
Cu,Zn-SOD by the e¡ect of cocaine can be explained
by the fact that cytosolic SOD appears to be consti-
tutively expressed [42]. On the basis of the alterations
induced by cocaine, signi¢cant changes were ob-
served when antioxidants were present. The action
of NAC as a cysteine donor clearly decreased the
concentration of peroxides and induced the gene ex-
pression detected by the respective mRNA of the
enzymes involved in the elimination of ROS with a
parallel decrease in the oxidant state of the cells con-
tributing to diminishing the molecular mechanisms
that lead to cell injury and death. Thus, NAC modu-
lated the alteration of major antioxidant defense en-
zymes involved in eliminating ROS once generated
by preventing the depression of catalase and GPX
and the decline in GSH. Moreover, it is documented
that NAC can also react directly with ROS [43].
However, the action of DFO is mainly directed to-
wards preventing ROS generation. In the process of
oxidative damage, transition metals (mainly iron ion)
play an important role [44]. With the participation of
iron ions, Fe2/Fe3, O32 and H2O2 are converted toOH (through the Fenton reaction), the most reac-
tive species causing oxidative damage. DFO, as a
speci¢c ion chelator, avidly binds Fe3 preventing
the generation of OH. Two mechanisms are in-
volved in the antioxidant and cytoprotective e¡ect
of DFO: (a) the inhibition of free radical formation
by chelation of ferrous iron and (b) the radical scav-
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enger activity by which DFO acts as a hydrogen
donor neutralizing free radicals. This last aspect in-
volves the breaking of the lipid peroxidation chain
reaction [45]. The property of DFO as a lipid chain-
breaking antioxidant has been shown which, inde-
pendent of its iron-chelating activity, inhibits peroxi-
dative damage to membranes.
GSH, one of the most important non-enzymatic
antioxidants, is a nucleophilic thiol and a strong re-
ductant. GSH can react with electrophiles and ROS
protecting thiol groups of proteins from oxidation.
GSH serves also as substrate for GPX and gluta-
thione S-transferase. GSH precursors can prevent
the induced depression of GSH contributing to the
attenuation of cocaine toxicity. In our results, co-
caine treatment signi¢cantly decreased reduced glu-
tathione to less than half of the control, while in the
presence of NAC, GSH signi¢cantly increased by
more than two-fold. The DFO e¡ect on GSH was
positive, but much less pronounced.
From these results, we conclude that in hepatocyte
cultures incubated in the presence of cocaine, anti-
oxidants such as NAC or DFO play an important
protective role due to their antioxidant properties
exerted at di¡erent levels. NAC provides the pre-
cursor of glutathione, cysteine, and works at the level
of enzyme expression, while DFO mainly diminishes
the level of intracellular ROS generated by cocaine.
The protective action of these antioxidant substances
was detected by decreasing the cocaine-induced lysis
of cell membranes and apoptosis. In the case of
NAC, this protective e¡ect was directed towards
the increase in antioxidant enzyme expression, and
in the case of DFO, it was directed against the
generation of ROS. According to these e¡ects, we
propose that these compounds, NAC or DFO, may
have therapeutic value against drug-induced liver
injury.
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